To improve the implementation of weather-based disease risk models, a spatial interpolation method was investigated to provide weather estimates for specific sites. Two sites in the HortResearch horticultural weather station network, one in Marlborough and one in Hawke's Bay, were selected as validation sites. Interpolated weather data were estimated for these sites from November to March in 2003-04 and 2004-05, using actual weather data from nearby stations that were selected as natural neighbours using the geometrical technique, Voronoi tessellation. Wetness duration was also estimated using interpolated weather data as inputs to an empirical wetness model. Air temperature estimates were comparable to actual measurements but wetness duration was overestimated. When interpolated and actual data were used as inputs to the grape botrytis model, Bacchus, predicted risks were comparable to each other for short periods rather than the whole growing season. This suggests that risk of botrytis bunch rot could be predicted reliably at a specific site using the spatial interpolation method.
INTRODUCTION
Tools to predict disease risk have the potential to improve disease management on farms, vineyards and orchards. Many models have been developed to provide objective prediction of disease risk using hourly weather data. Weather data can be obtained from measurements, but it is difficult to install and manage weather stations at every site because of equipment and labour costs.
Weather data can also be estimated using existing weather station networks located near to the site of interest. The simplest way to do this is to use the nearest station, but geospatial variability of weather limits the usefulness of this approach. A more reliable method would be to use spatial interpolation, which calculates a weighted average of weather measurements from nearby weather stations (Snell et al. 2000) . Methods for spatial interpolation that have been used include inverse distance weighed averages, splines and krigging (Meyers 994).
The set of nearby stations for spatial interpolation can be selected with an algorithm that uses, for example, the stations within a specified distance from the site, or a specific number of stations. However, the optimum distance or number of stations is likely to differ for different locations because the configuration of the weather station network is not uniform. One way to avoid setting a fixed distance or number is to find the natural neighbours of the site based on geometry (Sibson 980).
When weather data are estimated using spatial interpolation, errors will arise even with an optimal set of nearby stations and it is important to validate any spatial interpolation method that is used. The natural neighbour method of spatial interpolation has been used in ground water modelling (Tsai et al. 2005) , but not to obtain weather data for implementation of agricultural models. The objectives of this study were to determine the accuracy of interpolated weather estimates using the natural neighbour method in comparison with actual weather measurements. The influence of such estimates on a model to predict risk of botrytis bunch rot on grapes was also assessed.
MATERIALS AND METHODS
Two sites in the HortResearch horticultural weather station network, Renwick (4°30'S 73°5'W) in Marlborough and Tomoana (39°37'S 76°53'W) in Hawke's Bay, were selected as validation sites to evaluate accuracy of interpolated weather data. Air temperature, vapour pressure and wind speed were estimated from weather measurements at nearby stations selected using a natural neighbour (NN) method (Sibson 980; Watson 999). The natural neighbour algorithm takes into account distance and bearing of weather stations using the geometrical technique known as Voronoi tessellation (Sibson 980).
In this study, four weather stations were selected as neighbour stations for each of the Renwick and Tomoana sites. Three of the neighbour stations for Renwick were in vineyards on the Wairau plain, with the nearest 2.2 km and the furthest 5.6 km from Renwick. The other neighbour station was in the Nelson region, which was 86 km distant from Renwick. Three neighbour stations for Tomoana were in orchards on the Heretaunga plain, with the nearest 4. km and the furthest 7.8 km from Tomoana. The fourth neighbour station was in Gisborne, which was 36 km distant from Tomoana.
Weather data were collected at neighbour weather stations as well as validation sites from November to March in 2003-4 and 2004-5 . Interpolated weather data, V, were obtained using measurements at the neighbour stations, M, as follows:
, where d i is the distant between the validation site and neighbour weather station, i.
An empirical model based on a fuzzy logic system, the FL model, was used to estimate wetness duration (Kim et al. 2004) . Cloud parameterisation was added to the FL model to estimate incoming long wave radiation (Collins et al. 2004 ) in this study. Estimates of air temperature, vapour pressure and wind speed using spatial interpolation were used as input to the FL model to obtain interpolated datasets of wetness duration. These processes were carried out using software written in C++.
The Bacchus model was used to predict the risk of botrytis bunch rot on grapes. This model (B. Rengasamy & R. Edwards, unpubl. data) calculates a risk index (I) for each hour with surface wetness: I= 84.37 -7.238T + 0.856T 2 , where T is the mean air temperature during a wet hour. The I values were summed for the duration of each wet period using the implementation of Bacchus in the Metwatch™ program (HortPlus Ltd, Cambridge, New Zealand). Sets of risk indices were obtained using actual and interpolated weather data as inputs. They were compared for a whole growing season (November to March) as well as for the periods relevant to grape development, from November to January (flowering to bunch closure) and from February to March (veraison to harvest).
Root mean square error (RMSE) was determined for estimates of air temperature. Mean error (ME) and mean absolute error (MAE) were obtained to evaluate accuracy in estimation of wetness duration using interpolated weather data. Because the Bacchus risk from the MetWatch™ output was characterised by both the timing of wet periods and the degree of risk, it needed to be represented in two dimensions. Thus, the twodimensional Kolmorogov-Smirnov statistic (Peacock 983; Fasano & Franceschini 987; Press et al. 997 ) was used to test the null hypothesis that the Bacchus risk calculated from actual weather data agreed for each seasonal period with that calculated from the interpolated weather data.
RESULTS

Estimation of air temperature and wetness duration
Interpolated air temperature using the NN method was reasonably accurate at both Renwick and Tomoana sites (Table ) , with values of R 2 and slopes of the regression lines close to . The RMSE was < °C at both sites, although Tomoana had a slightly greater RMSE than Renwick during both 2003-4 and 2004-5 seasons.
Interpolated wetness duration using the FL model was slightly overestimated, with an ME of 0.7 h/day at Renwick and .7 h/day at Tomoana. The MAE in estimation of wetness duration was smaller at Renwick than Tomoana during both 2003-4 and 2004-5 seasons. 
Prediction of botrytis bunch rot risk
At the Renwick site there was no significant difference (P>0.05) in the predicted risk of botrytis bunch rot using interpolated or actual weather data as input into the Bacchus model for all or part of either season (Table 2) .
In contrast, at Tomoana the Bacchus risk calculated using interpolated data was significantly different (Table 2 ) from that using actual data for the whole season in 2003-4 and 2004-5 , and for parts of the season in 2004-5. The statistical confidence with which the null hypothesis should be rejected was greater for a whole season than for the shorter periods from November to January and from February to March (Table  2) . Thus, there tended to be greater similarity between the actual and interpolated data when shorter parts of the season were used to calculate Bacchus risk than when data for the whole season were used. DISCUSSION These results suggest that the risk of botrytis bunch rot can be predicted reasonably accurately when weather estimates using the NN method are used as inputs to the weatherdriven disease warning system. It appears that accuracy of botrytis bunch rot predictions using interpolated data may be greater over shorter periods. For spray decisions, the risk of botrytis bunch rot would be assessed over short periods, e.g. less than one month.
Interpolated air temperature was relatively accurate (RMSE of < °C) for both Renwick and Tomoana sites. The greater accuracy of interpolated weather data at Renwick than Tomoana was likely due to the shorter distance to the neighbour stations in Marlborough than Hawke's Bay. For example, the three nearest natural neighbours of Renwick were closer than those of Tomoana. In addition, the furthest stations of both sites had little impact on estimation due to small weight values.
Estimation of air temperature using the NN method had advantages over simply using weather data measured at the nearest site. For example, the NN method reduced the RMSE by 2% at Renwick and 26% at Tomoana compared with actual weather measurements at the nearest station to these (data not shown). The NN method also minimised the problem of data missing due to sensor malfunction at the nearest site by estimating weather data from other neighbour stations.
The overestimation error of wetness duration by the FL model appeared to result in the deviation between the Bacchus risks calculated from interpolated and actual wetness data. For example, the predicted risks using interpolated and actual data were significantly different at Tomoana during the 2004-5 season. This coincided with relatively high overestimation of wetness duration, e.g. 2.3 h/day, at Tomoana during the season. It is thought that such overestimation errors occurred because the FL model was developed for painted sensors whereas unpainted sensors were used to measure wetness duration at validation sites. Sentelhas et al. (2004) reported that painted sensors were more sensitive to wetness occurrence, e.g. small droplets on the sensor surface, than unpainted ones. Thus, it is likely that a part of overestimation errors resulted from hours in which wetness occurrence was predicted by the FL model, but was not identified by the unpainted sensors.
The present study illustrates the potential of estimating weather parameters for an individual site that will lead to reliable prediction of disease risks. The interpolation method is purely based on distance between a site of interest and nearby weather stations without considering terrain. Therefore, improvements in accuracy might result from inclusion of geographical information, such as topology and proximity to sea, in the interpolation procedure.
